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Abstract We report the calcium isotopic composition (δ44Ca) of primary aragonite laminae, primary
gypsum, and secondary gypsum in sediments deposited from Lake Lisan, the last glacial cycle of the
Dead Sea (70–14.5 ka). The δ44Ca of primary gypsum varies between 0.17‰ and 0.71‰ versus bulk
silicate earth, with an average of 0.29‰, whereas the aragonite δ44Ca varies between 0.68‰ and
0.16‰ with an average of 0.4‰. The secondary gypsum δ44Ca is close to the calcium isotope
composition of the aragonite, averaging at 0.3‰. The aragonite δ44Ca shows small variations temporally
in sync with lake level ﬂuctuations, suggesting the aragonite δ44Ca reﬂects changes in the lake calcium
balance, which in turn reﬂects changes in the local hydrological cycle. The secondary gypsum calcium
isotope composition (0.3‰) overlaps with that of coeval aragonite, suggesting the calcium for
secondary gypsum was derived from the aragonite through quantitative, or near-isotopic equilibrium,
recrystallization of the aragonite to gypsum after the lake desiccation and exposure of sediments during
the Holocene. A numerical box model is used to explore the effect of changing lake water levels on
the calcium isotope composition of the aragonite and gypsum in the lake. The relatively low variability in
the δ44Ca over the lake’s history suggests that a high-concentration calcium-rich brine buffers the
calcium cycle.
1. Introduction
The Dead Sea Basin is a pull-apart basin that forms an elongated morphotectonic depression, the deepest
continental depression on Earth (Garfunkel & Ben-Avraham, 1996). Over the Quaternary, a series of lacustrine
water bodies developed and then desiccated in the Dead Sea Basin in response to regional changes in
hydrology (Neev & Emery, 1967; Stein, 2001; Torfstein et al., 2009; Waldmann et al., 2007). As the valley is
located on the boundary between the Saharo-Arabian deserts and the Mediterranean regional climatic zone,
its hydrological budget is sensitive to changes in the location of these climate zones. Reconstructing past
hydrological changes in the Dead Sea Basin watershed is thus key to linking global climate change with
regional climatic variability.
Studies of the limnological history of the Dead Sea Basin lakes have resulted in the reconstruction of an abso-
lute lake level curve for the last 70 ka (Bartov et al., 2002, 2003; Bookman et al., 2006; Migowski et al., 2006;
Torfstein, Goldstein, Kagan, & Stein, 2013; Torfstein, Goldstein, Stein, & Enzel, 2013). The water level of the
Dead Sea and its glacial predecessor, Lake Lisan, reﬂects the volume of incoming freshwater, such that glacial
high water levels represent extremely wet conditions in the Levant (Enzel et al., 2008; Frumkin et al., 2011;
Haase-Schramm et al., 2004; Rohling, 2013; Stein et al., 1997; Torfstein et al., 2008; Torfstein, Goldstein,
Stein, & Enzel, 2013). Other studies have argued for a dry (and cold) glacial cycle characterized by relatively
reduced evaporation that supported higher water levels (Bar-Matthews et al., 1997; Lisker et al., 2010;
Miebach et al., 2017). This controversy reﬂects the difﬁculty of accurately reconstructing the water-mass
balance of the lake, which has so far not been robustly described. In this paper we explore the calcium cycle
in Lake Lisan and how this may be used to understand the water-mass balance of the lake. We can do this
because calciummineral precipitation in the lake is linked to the hydrological mass balance through evapora-
tion and runoff.
Calcium isotope ratios (reported in delta notation, δ44Ca, as the ratio of 44Ca to 40Ca relative to a
standard in parts per thousand, or permil units) have become an increasingly utilized tool for studying
processes within the calcium cycle (Fantle & DePaolo, 2005; Farkaš et al., 2007). Typically, the lighter 40Ca
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isotope is preferentially incorporated into various mineral phases to different degrees, leaving the
remaining ﬂuid enriched in 44Ca. When the magnitude of this calcium isotope fractionation is known,
calcium isotope ratios in various minerals can be a robust recorder of the composition of the solution
from which the mineral precipitated. Although it is clear that there is a partitioning of the light
40Ca-isotope into most calcium-bearing minerals, there was originally much debate about whether this
isotope fractionation is a kinetic or equilibrium isotope effect and what other factors impact the magni-
tude of this calcium isotope fractionation factor (DePaolo, 2011; Gussone et al., 2005; Tang et al., 2008;
Tang et al., 2012).
Previous work has suggested that a kinetic calcium isotope effect dominates during high rates of mineral
precipitation and an equilibrium calcium isotope effect dominates at low rates of mineral precipitation,
particularly true for carbonate minerals but believed to be true for most calcium-bearing minerals
(DePaolo, 2011; Fantle & DePaolo, 2007; Gussone et al., 2005, 2003). Previous modeling work on the precipi-
tation of calcium carbonate has shown that the fractionation of calcium isotopes increases with increasing
solution oversaturation (Nielsen, DePaolo, & De Yoreo, 2012). In practice, most biogenically precipitated
carbonate in the oceans is around 1.1–1.6‰ lower in δ44Ca than seawater (Blättler et al., 2012), reﬂecting a
kinetic control on the calcium isotope composition of most minerals and that these minerals do not reﬂect
equilibrium conditions. There has been an attempt to attribute calcium isotope fractionation quantitatively
to temperature (Marriott et al., 2004); however, it may be that the apparent temperature dependence of cal-
cium isotope fractionation is due to changes in the relative size and growth rate of calcite, which vary with
salinity, pH, and temperature (Tang et al., 2012; Zuddas & Mucci, 1998). Calcium isotope fractionation during
gypsum precipitation is less well known, but a series of experiments have suggested that it is between
0.8‰ and 2.25‰ (Blättler & Higgins, 2014; Harouaka et al., 2014; Harouaka et al., 2016; Hensley, 2006).
Harouaka et al. (2014) found that the calcium isotopic fractionation factor depends on the crystal face of
gypsum growth. Speciﬁcally, it was found that lower calcium isotopic fractionation occurs when the gypsum
precipitation is on the 010 face of the crystals, which produces gypsum with an overall different crystal
morphology and with a slower growth rate.
One emerging new approach for exploring the calcium cycle is the use of the range of δ44Ca in various
minerals to investigate the ﬂuid chemistry from which the minerals precipitated during the evolution of
an evaporating system. The δ44Ca of different calcium-bearing minerals has been shown to reﬂect the ratio
of Ca:HCO3 or Ca:SO4 of the precipitating ﬂuid (Blättler et al., 2017; Blättler & Higgins, 2014). This approach
was ﬁrst applied to determining the Ca:SO4 ratio in the ﬂuids from which evaporate minerals precipitate,
before being applied to determining the Ca:HCO3 ratio in the ﬂuid from which carbonate minerals precipi-
tate (Blättler et al., 2017; Blättler & Higgins, 2014). During the precipitation of a calcium-bearing mineral, if
calcium concentrations are higher than sulfate (in the case of gypsum) or bicarbonate (in the case of carbo-
nate minerals), then the majority of the sulfate or bicarbonate in the solution will be removed, while calcium
in the solution is only partially depleted: The ﬁnal aqueous solution in this scenario contains some calcium
but almost no sulfate or bicarbonate. It has been shown experimentally that the larger amount of total cal-
cium in the solution that precipitates, as controlled by the calcium-to-anion ratio, the larger the range in
δ44Ca observed in the calcium-bearing minerals made. This is due to the later minerals precipitating from
a ﬂuid with a highly evolved δ44Ca due to Rayleigh distillation (Blättler & Higgins, 2014). This means that
when multiple samples that initially precipitated from an evolving ﬂuid are measured, some of the mea-
sured δ44Ca will represent the original ﬂuid composition, whereas later samples should record the δ44Ca pre-
cipitated from an isotopically evolved ﬂuid. In contrast, if the range of δ44Ca in the calcium-bearing mineral
is low, it suggests that aqueous calcium within the evaporating ﬂuid was not sufﬁciently depleted to change
the δ44Ca of the ﬂuid, and hence the minerals are precipitating from a ﬂuid with an excess of calcium and
therefore a narrow δ44Ca. Thus far, this emerging tool has been applied to pure carbonate or evaporite
sequences but not to any stratigraphic intervals that contain both (Blättler et al., 2017; Blättler &
Higgins, 2014).
The aim of this study is to discuss the factors that impact the δ44Ca of three calcium-bearing evaporite miner-
als in a hypersaline lacustrine environment: aragonite, primary (bedded) gypsum, and secondary (crystalline)
gypsum, offering a unique opportunity to constrain both the temporal variation in the calcium budget and
changes in the Ca:SO4 and Ca:HCO3 ratios of the last glacial Lake Lisan brine.
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2. Geological-Limnological Background
The Dead Sea and its predecessor lakes are considered to be ampliﬁer lakes because they are terminal and
exhibit intense lake level ﬂuctuations in response to regional climate variability (Machlus et al., 2000;
Street-Perrott & Harrison, 1985). During its Last Glacial Maximum, Lake Lisan spanned between the Sea of
Galilee in the north and Hazeva in the Arava Valley to the South (Figure 1), with water levels more than
250 m higher relative to the average Holocene lake level (~400 m below sea level), and correspondingly
larger water volumes (Bartov et al., 2002; Stein, 2001; Stein et al., 1997; Torfstein et al., 2009).
The Lisan Formation, deposited from Lake Lisan, contains a signiﬁcant quantity of annually precipitated
primary aragonite (rather than calcite, due to the high Mg/Ca ratio in the lake brine; Katz, 1973), which has
allowed direct radiocarbon and U-Th dating (Haase-Schramm et al., 2004; Stein et al., 1997). Absolute dating
of several sedimentary sequences across the Dead Sea Basin has allowed the development of a basin Lisan
(Torfstein, Goldstein, Kagan, & Stein, 2013).
Intervals of positive-water balance in Lake Lisan triggered the onset of long-term stratiﬁcation, characterized
by the deposition of alternating aragonite and detritus (aad) laminae (Machlus et al., 2000). Incoming fresh-
water was enriched in bicarbonate and sulfate ions relative to the lake’s Ca-chloride brine (Stein et al., 1997).
The bicarbonate precipitated as aragonite in the lake surface, while the aqueous sulfate gradually accumu-
lated until gypsum saturation was reached. At that point, gypsum precipitation from the mixolimnion began.
Subsequently, the sinking gypsum crystals dissolved in the anoxic deeper monimolimnion, where gypsum is
understood to have been largely undersaturated due to microbial sulfate reduction. During negative water
budget intervals, the freshwater supply into the lake decreased, reducing the amount of aragonite precipita-
tion (Stein et al., 1997). Under a more extreme negative water balance, the water column overturned and
mixed, resulting in precipitation of massive beds of primary gypsum (5–20 cm thick; Stein et al., 1997;
Torfstein et al., 2005).
The Massada M1 Section, our main study site, is located on the foothills of the Massada archeological site
(Figure 1). The Lower Member is 5.6 m thick, deposited between ~70 and 58.5 ka (Torfstein, Goldstein,
Kagan, & Stein, 2013), primarily composed of an aad sequence that is capped by three prominent gypsum
layers. This Member represents a relative high stand that declined circa 61 ka, resulting in themassive primary
gypsum deposition. The Middle Member (58.5–39.7 ka) is ~11.4 m thick and has more clastic sediments,
whose grain size ranges between ﬁne sand and pebbles that alternate between aad packages and occasional
gypsum layers. An ~8-kyr depositional hiatus separates the Middle and Upper Members. The Upper Member
(31–14.5 ka) comprises ~9 m of aad capped by ~2 m of primary gypsum (Bartov et al., 2003; Haase-Schramm
et al., 2004; Stein, 2001).
2.1. Paleoclimate in the Dead Sea Catchment
Globally, the late Pleistocene is characterized by orbital, as well as rapid, millennial-timescale climate
changes, which are well documented in deep-sea marine cores and polar ice records (Andersen et al.,
2004; Dansgaard et al., 1993; Shackleton, 1967). Speleothems provide an excellent record for regional paleo-
climate due to annual precipitation of carbonate minerals and can be found in several locations in the region
due to the prevalence of carbonate bedrock and, hence, karstic topography. In the Levant, late Quaternary
continuous growth of speleothems within the Soreq Cave located west of Jerusalem (Figure 1a) has been
interpreted to indicate that there has been no extreme aridity over this period (Affek et al., 2008; Ayalon
et al., 2002; Bar-Matthews et al., 1997, 2000; Bar-Matthews et al., 2003; Frumkin et al., 1999; Matthews et al.,
2000; Vaks et al., 2003). A combination of carbon and oxygen isotopes and the D/H ratio within the spe-
leothems within the Soreq Cave led to the conclusion that the Eastern Mediterranean was cooler during
the last glacial period (Affek et al., 2008; Bar-Matthews et al., 1997; Matthews et al., 2000).
Other studies in the area have focused on the impact that the North Atlantic Heinrich and Dansgaard-
Oeschger events had on the East Mediterranean and the Lisan catchment (Bartov et al., 2003; Haase-
Schramm et al., 2004; Schramm et al., 2000; Stein, 2001). These studies correlated rapid lake level drops in
Lake Lisan with Heinrich stadials. The abrupt cooling of sea surface waters together with relatively cooler
westerly air masses resulted in a weakening of the East Mediterranean cyclogenesis during Heinrich stadials.
This weakening subsequently decreased precipitation in the Levant and the Dead Sea catchment, leading to
sharp lake level drops during these time periods (Bartov et al., 2003). Recently, it has been proposed that the
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rapid lake level drops during Heinrich stadials could also be due to exceptionally high wind speeds leading to
increased lake evaporation, in addition to the change in the inﬂux from the Mediterranean (Rohling, 2013).
3. Methods
3.1. Sample Selection
The M1 section was sampled (Figure 1b) by carving out ﬁeld blocks typically about 10 × 10 × 10 cm3 in size.
These were wrapped in plastic coating to avoid disintegration and taken to the lab where aragonite or
gypsum was carefully scraped off the ﬁeld block. Water samples were collected from the Dead Sea (En
Gedi shore) and Sea of Galilee (Karei-Deshe shore) directly into 100 ml centrifuge tubes. The Dead Sea brine
was stored at room temperature to avoid halite crystallization, and the Sea of Galilee samples were kept
refrigerated until analysis. Prior to analysis, the aqueous samples were ﬁltered to remove suspended particles
using Millipore 0.2-μm syringe-ﬁlters. A separate aliquot of each of the aqueous samples was run after
acidiﬁcation with nitric acid to verify no carbonate precipitation in the samples during transit.
The three calcium-bearing minerals were identiﬁed through hand specimen examination, and dissolution in
water, if aragonite and gypsum needed to be separated. In general, aragonite is found as layers within the
aad, and primary gypsum is composed of thick tabulate layers of gypsum (Neev & Emery, 1967; Stein et al.,
1997). Secondary gypsum is found as disseminated gypsum crystals in several layers within the section and
is easily identiﬁed relative to the massive interlaminated primary gypsum deposits (Stein et al., 1997).
Calcium isotope analysis (44Ca/40Ca) was conducted at the University of Cambridge (Bradbury & Turchyn,
2018). Approximately 500 mg of powdered bulk aragonite and primary gypsum was extracted by scraping
into glass vials taking care to avoid contamination from any adjacent detrital or gypsum laminae.
Secondary gypsum was crushed gently, and then individual crystals of gypsum were picked and ground
to a ﬁne powder. Approximately 25 μg of aragonite or 44 μg of gypsum were weighed into Teﬂon
Figure 1. (a) Location map. (b) Stratigraphic column for the Massada M1 section, with the stratigraphic location of the
measured samples. The section is ~30 m thick, and its base is located at 374 m below sea level, overlying the interglacial
Samra Formation.
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screw-top vials and dissolved in 100 μl 6 M HNO3. The samples were then
spiked using 48Ca-42Ca double spike (48:42 = 1:1) at a ratio of 10:1 -
sample-to-spike.
3.2. Analytical Methods
The sample-spike mixtures were then redissolved in dilute nitric acid
before being separated through a Dionex ICS-5000+ High Performance
Ion Chromatography system coupled to a fraction collector. The samples
were separated using a high-capacity carboxylate-functionalized column
(Dionex CS-16) using methyl sulfonic acid at a ﬂow rate of 1 ml/min.
Measuring the conductivity in a predeﬁned peak-detection window and
collecting the eluent allows for the isolation of the calcium. The proce-
dural blank on the Dionex as determined independently by inductively
coupled plasma-optical emission spectrometry is 96 ng of calcium, when
7 ml of eluent was collected from the Dionex. During the collection of
4.4 μg of calcium using the Dionex, this represents ~2% of the
collected calcium.
The separated calcium was then precipitated into nitrate form, redissolved
in 1 μl 2 N HNO3, and 4 μg of calcium was loaded onto outgassed 0.7-mm
rhenium ﬁlaments, with 0.5 μl of 10% trace-metal purity phosphoric acid.
This was then analyzed using a Thermo-Fisher Triton Plus multicollector
thermal ionization mass spectrometer. The samples were run using a
double-ﬁlament method, with the ionization ﬁlament heated to 1400 °C
and the evaporation ﬁlament heated manually until a stable beam of
5–10 V of 40Ca on a 1011Ω resistor is reached. Measurement integration
times were 8.389 s per measurement step, and 200 cycles of data were
collected in blocks of 20, producing 10 blocks of data per run.
All values reported here are in δ44Ca relative to bulk silicate Earth, which
can be converted to seawater scale by subtracting 0.94‰ (Nielsen, Druhan, et al., 2012). Where a duplicate
analysis was made on a sample, the δ44Ca error is reported as the external precision of these replicate ana-
lyses, 2σ. Otherwise, the error reported is the 2σ of the standards run over the duration of the project
(4 months) when the samples were run. The standard is NIST915b, and it ran with an average of
0.28 ± 0.11‰ (2σ), which is similar to the long-term reproducibility of the laboratory (0.1‰).
Oxygen and carbon isotopes analyses were conducted on carefully scraped and separated aragonite laminae,
after rinsing in deionized, ultrapure water. The isotope ratios were measured using a Thermo Scientiﬁc
GasBench II equipped with a CTC Analytics CombiPAL auto sampler coupled to a Thermo Finnigan
MAT253 in the Godwin Laboratory, University of Cambridge.
4. Results
4.1. Calcium Isotopes
The primary gypsum δ44Ca ranges between 0.17‰ and 0.48‰, with one additional sample that caps the
thickest gypsum unit, yielding δ44Ca = 0.71‰ (Figure 2). The δ44Ca of the primary gypsum roughly increases
through time, yielding an age-δ44Ca correlation with an r2 = 0.49 and a p value = 0.0176. In addition, two high
resolution transects of δ44Ca across the largest beds of primary gypsum yield a δ44Ca range ~0.3‰ (LL_006,
LL_038—Table S1 in the supporting information and Figure 3).
In contrast, the secondary gypsum has a much lower δ44Ca, ranging from 0.44‰ to 0.01‰, with an
average δ44Ca of 0.3‰ (Figure 2). There are no clear temporal trends within the secondary gypsum. The
aragonite δ44Ca ranges from 0.68‰ to 0.16‰, with a slight increase between the lowest δ44Ca at the
base of the section to the highest δ44Ca close to the top of the section. Data are not available between 38
and 31 ka at the M1 section due to a transgressional unconformity across this time interval (Torfstein,
Goldstein, Stein, & Enzel, 2013).
Figure 2. Secular evolution of δ44Ca (relative to bulk silicate Earth) of
aragonite, primary and secondary gypsum. Gray rectangles mark the timing
of Heinrich stadials, coeval with abrupt lake level drops typically associated
with massive gypsum precipitation. Lake level from Torfstein, Goldstein,
Stein, and Enzel (2013).
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Five consecutive aragonite laminae within each of two 10 × 10 × 10-cm3 blocks of aad were sampled to
assess the homogeneity of the samples and the possibility of annual variations in the aragonite δ44Ca. One
of the sets of aragonite laminae ranges between 0.51‰ and 0.22‰, whereas the other ranges between
0.40‰ and 0.15‰ (Figure 3). Modern surface water samples from the Dead Sea and the Sea of Galilee
yield δ44Ca of 0.45‰ and 0.76‰, respectively (n = 2, 2σ = 0.02).
4.2. Oxygen and Carbon Isotopes
The δ18O of the aragonite ranged between 1.64‰ and 5.92‰, with the δ18O before 40 ka closer to
4.3‰ and the δ18O since 40 ka varying with the lake level and averaging 3.5‰ (Figure 4). The δ18O
shows a weak negative correlation (r2 = 0.21) with the δ44Ca of
aragonite (Figure 5).
Aragonite δ13C ranges between 2.86‰ and 3.33‰ with no discernible
correlation to other measured variables including lake level (Figure 4) or
δ44Ca (r2 = 0.04, Figure 5).
5. Discussion
The δ44Ca of multiple calcium-bearing minerals precipitated from the
same water body allows us to constrain the calcium isotope fractionation
between the gypsum and aragonite within the system. First, we will
address the water-mineral calcium isotope fractionation and consider
both kinetic and equilibrium isotope fractionation and the temperature
effect on this fractionation. Second, we use the range of δ44Ca within the
calcium-bearing minerals to explore the changing aqueous geochemistry
of Lake Lisan. Third, we explore the temporal changes in the δ44Ca of the
precipitated aragonite and gypsum and use the insights to discuss the
formation mechanism of the secondary gypsum.
5.1. Calcium Isotope Fractionation During the Precipitation of
Aragonite and Gypsum in Lake Lisan
The δ44Ca of calcium-bearing minerals formed in Lake Lisan depends on
the composition of the lake water and the calcium isotope fractionation
associated with mineral formation. If this calcium isotope fractionation is
temporally constant, the minerals should each record the changing cal-
cium isotopic composition of the lake. As discussed earlier, there is consen-
sus that the magnitude of calcium isotope fractionation during carbonate
precipitation depends on the mineral precipitation rate and that changes
Figure 3. (a) The δ44Ca variations between ﬁve consecutive aragonite laminae in two different ﬁeld samples (LL020, LL031).
(b) Hand specimen of a typical sample of alternating aragonite-detritus (aad). The relatively thick brown layer in the middle
of the sample is detritus. The average δ44Ca for LL020 and LL031 is 0.40 ± 0.16‰ (2σ) and 0.28 ± 0.14‰ (2σ),
respectively.
Figure 4. Carbon and oxygen isotope ratios from the Massada section (dia-
monds, this study) and the Perazim Valley section (squares; Kolodny et al.,
2005), along with the lake level curve from Torfstein, Goldstein, Stein, and
Enzel (2013).
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in this mineral precipitation rate have been linked quantitatively to temperature. When we consider
aragonite, one possibility is that the variability in the aragonite δ44Ca is due to changes in the calcium
isotope fractionation controlled by temperature over the glacial-interglacial cycle. However, in the case of
Lake Lisan, modeled temperature over the last 70 kyr assumed variations in lake temperature of 7.5 °C
(Rohling, 2013), consistent with corresponding temperature changes ~6–7 °C in the nearby Soreq Cave
(Affek et al., 2008), which would alter the calcium isotope fractionation during aragonite precipitation by
0.11‰, compared with the almost ﬁvefold larger range in δ44Ca observed in the aragonite minerals from
the Lisan Formation. Therefore, it is unlikely that variability in the aragonite δ44Ca is controlled solely by
changes in temperature.
The other factor that could impact the calcium isotope composition temporally is changes in the rate of
aragonite precipitation, which could respond to changes in lake salinity. It has previously been shown in
laboratory experiments that increasing the ionic strength of a solution leads to more rapid aragonite preci-
pitation (Zuddas &Mucci, 1998). There are unlikely to be large changes in the salinity on an annual basis when
the majority of aragonite precipitation occurs (as it generally occurs at the same point each year; (Barkan
et al., 2001; Stein et al., 1997). Large salinity differences however, are expected to develop during lake
overturn events. If an increase in salinity drives faster aragonite precipitation, the calcium isotope fractiona-
tion between ﬂuid and mineral might decrease, and the δ44Ca of the aragonite increase during the lake
overturn. The effects of changing salinity on the calcium isotope fractionation during carbonate precipitation
previously have been evaluated experimentally over a range of salinities between 1.8‰ and 49‰, yielding a
0.4‰ difference in the fractionation factor (Tang et al., 2012), whereas the salinity in the upper layer of Lake
Lisan was likely between 100‰ and 150‰, compared to the modern Dead Sea brine salinity of 340‰
(Kolodny et al., 2005; Lensky et al., 2018). As the salinity of Lake Lisan is far higher than the experimental
range, the measured relationship may not be valid. The presence of magnesium within the lake water from
the brine could also lead to a reduction in the precipitation rate of calcium carbonate (Katz, 1973), which
would also change the calcium isotope fractionation factor. It may be that the conﬂuence of these factors
cancels out, but without independent controls on ionic strength and composition, it is not possible to
comment further.
We conclude that neither temperature nor precipitation rate change systematically over the studied interval
so the 0.5‰ changes in the aragonite δ44Ca should be attributed to changes in the lake water δ44Ca. If we
assume that the calcium isotope fractionation during mineral precipitation is 1.6‰, the kinetic limit
(Gussone et al., 2003), then the average Lake Lisan water δ44Ca was +1.2‰ over the studied interval but
varied between +1.0‰ and +1.5‰. We can also compare the difference in δ44Ca between contemporaneous
samples (within the 0.5-kyr age error) that had both primary gypsum and aragonite. From this method the
calcium isotope fractionation between ﬂuid and gypsum was 0.7 ± 0.2‰ (2σ), where the gypsum is
Figure 5. δ44Ca versus aragonite δ18O (a) and δ13C (b) from the M1 section.
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more enriched in 40Ca relative to the lake water calcium. This calcium isotope fractionation factor for gypsum
precipitation can be compared to Harouaka et al. (2014), who reported calcium isotope fractionation
between 0.8‰ and 2.25‰ in gypsum precipitated under a range of experimental conditions. The
calcium isotope fractionation for gypsum reported by Harouaka et al. (2014) has a slightly wider range than
the calcium isotope fractionation during gypsum precipitation reported by Blättler and Higgins (2014;
~ 1‰) and Hensley (2006; ~ 0.9‰). There have been relatively few measurements of the δ44Ca of
gypsum in natural environments. In a cave system in Italy, the calcium isotope fractionation during
microbially induced gypsum precipitation was 0.3‰ to 0.9‰ (Harouaka et al., 2016). It is possible that
all of these experimental and natural gypsum are near equilibrium and therefore have a low calcium isotope
fractionation from the ﬂuid from which they precipitated. The equilibrium calcium isotope fractionation
factor between ﬂuid and gypsum has been suggested to be ~ 0.5‰, although this is a theoretical calcula-
tion, and given the data from the natural environment with a calcium isotope fractionation factor as low as
0.3‰, it is possible that the calcium isotope equilibrium between ﬂuid and mineral could be even lower,
perhaps approaching unity like the carbonate system (Harouaka et al., 2014, 2016).
The work of Harouaka et al. (2014) hypothesized that calcium isotope fractionation during gypsum precipita-
tion depends on the crystal face of growth, speciﬁcally that lower calcium isotope fractionation occurs when
gypsum precipitation occurs on the 010 face of the crystals, which promotes slower growth rate and condi-
tions closer to isotopic equilibrium. Our calculated calcium isotope fractionation factor for gypsum precipita-
tion in Lake Lisan (0.8‰) is low; this suggests slow crystal growth, resulting in the formation of tabulated
crystals rather than the needle-shaped crystals that occur at higher rates of precipitation. This matches well
with the described morphology of the crystals within the large gypsum layers, which are primarily composed
of hexagonal gypsum crystals (Stein et al., 1997).
5.2. Range in δ44Ca in Gypsum and Aragonite
The measured δ44Ca range in both gypsum and carbonate minerals has been linked to the ratio between cal-
cium and the dominant mineral anion within the precipitating ﬂuid (Blättler et al., 2017; Blättler & Higgins,
2014). For gypsum, this method was calibrated experimentally, suggesting that if the Ca:SO4 ratio of the ﬂuid
is less than 1.5, the δ44Ca range should be larger than 0.5‰, while if the Ca:SO4 ratio of the ﬂuid is above 1.5,
then the δ44Ca range in gypsum will be smaller than 0.5‰ (Blättler et al., 2017). The δ44Ca range measured
here for primary gypsum is 0.4‰ with a single outlier, which was deposited at the end of the longest period
of gypsum precipitation (n = 11, Figure 6). This suggests that the gypsum precipitated from a solution with a
high ratio of calcium to sulfate. Indeed, this result is not surprising given the Ca-Cl brine that dominates the
lake (e.g., Stein et al., 1997).
Given the relationship between the range in primary gypsum δ44Ca and the Ca:SO4 ratio of the solution,
long-term shifts in this ratio (Ca:SO4) can be monitored. For example, a minor but statistically robust
(p value = 0.0409) increase in the range of δ44Ca of the primary gypsum is observed within some of the
primary gypsum layers deposited in Lake Lisan (Figure 2). This is particularly clear within the upper gypsum
unit, where there is an increase of 0.3‰within the unit (r2 = 0.83). This broader range in the primary gypsum
δ44Ca over this interval suggests that the last pulse of primary gypsum deposition in Lake Lisan, during
Heinrich stadial 1 (Figure 6b), may be associated with a decrease in the Ca:SO4 ratio of the lake water. This
suggests that despite removal of sulfate from the water column during gypsum precipitation, the calcium
was decreased even further, possibly due to the reactivation of groundwater outﬂow into the lake in
response to the lake level decline, as suggested by Torfstein et al. (2008). The increased groundwater ﬂow
would have effectively diluted the hypersaline lake, reducing calcium concentrations. However, the increase
in the primary gypsum δ44Ca could also be caused by a decrease in the rate of gypsum precipitation across
the upper gypsum unit, with the calcium isotope fractionation approaching equilibrium values near the top
as discussed above due to a decreasing saturation state caused by the removal of the calcium and sulfate
from the lake water.
The same calcium isotope distillation effect occurs with the precipitation of calcium carbonate, as previously
shown in the Mono Lake system, where when there is a low ratio of calcium-to-alkalinity and there is a higher
range in δ44Ca in the precipitated carbonate minerals (Nielsen & DePaolo, 2013). It has been suggested that
when the calcium-to-alkalinity ratio is 0.75 or less, the calcium isotope distillation effect should be observed
10.1029/2018GC007898Geochemistry, Geophysics, Geosystems
BRADBURY ET AL. 4267
(Blättler et al., 2017). In Lake Lisan, we ﬁnd a range of δ44Ca in aragonite of 0.7‰with a lower range in δ44Ca if
shorter time periods are taken into account (Figure 2). The δ44Ca of aragonite precipitating close to the
primary gypsum layers shows calcium isotopic distillation where there is a larger range of δ44Ca relative to
the minimal δ44Ca variability observed during highstand; the distillation effect can be seen during the
precipitation of gypsum and aragonite during Heinrich stadial 1, with the gypsum and aragonite δ44Ca
increasing during the precipitation event, leading to a higher range in δ44Ca (Figure 6b). The narrow range
in δ44Ca observed during highstand aragonite precipitation suggests that the lake water had a high ratio
of calcium to alkalinity, which agrees with previous estimates (Ca:HCO3 ~ 0.94) (Stein et al., 1997).
5.3. What Do the Changing Isotope Ratios Show in Lake Lisan
Typically, paleoclimate studies in lacustrine settings have focused on traditional stable isotopes (such as
δ18O and δ13C) to record changes in the hydrological cycle and temperature. The ﬁrst-order, orbital and
millennial timescale control on δ18O in Lake Lisan (Figure 4) relates to changes in the East Mediterranean
source waters, while relatively rare, short-term (annual timescale) δ18O perturbations reﬂect extremely wet
winters that drive the lake waters out of steady state (Kolodny et al., 2005). Carbon isotopes within Lake
Lisan record algal blooms and changes in the primary productivity of the lake (Kolodny et al., 2005),
although it has recently been argued that in the modern Dead Sea there may be a link between the δ13C
of the lake and CO2 outgassing (Golan et al., 2017). The anticorrelation we report between δ
18O and
δ44Ca, albeit weak, suggests that they both record the changing water budget of the lake (Figure 5).
Flood events, and wetter years drive the δ18O to lighter values, and these events also bring in a larger supply
of bicarbonate into the lake. The increased bicarbonate supply leads to an increase in aragonite precipita-
tion and hence causes an increase in the δ44Ca of the lakewater. By contrast, there is no correlation between
δ13C and δ44Ca as biogenic processes (e.g., primary productivity) impact aragonite δ13C but have no impact
on the δ44Ca (Figure 5).
For Lake Lisan, there are two major inputs of calcium into the lake: the River Jordan and ground water ﬂow,
with groundwater accounting for approximately 70% of the input ﬂux (Stein et al., 1997). There are two
Figure 6. (a) Histogram of the distribution of the δ44Ca in aragonite, secondary gypsum, and primary gypsum. (b) Secular
evolution of δ44Ca in aragonite and gypsum between 17.5 and 15.5 kyr.
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removal sinks for calcium from Lake Lisan: the deposition of aragonite and primary gypsum. During the
precipitation of aragonite and gypsum, the lakewater δ44Ca will increase as the 40Ca is removed into the
calcium-bearing minerals. The magnitude of the shift can be related to the fraction of calcium removed
from the lake during mineral precipitation as well as the residence time of calcium in the system. The
lakewater, and hence, aragonite δ44Ca, is primarily controlled by the gypsum precipitation events, which
can be linked back to the regional hydrological conditions.
To explore the fundamental functioning of the system, we run a single-box model for the calcium cycle in the
lake (Figure 7). The model uses the same principles as the model previously developed by Nielsen and
DePaolo (2013). The box model is based on the mass balance equation:
∂M
dt
¼ ∑inputsFinputs  ∑outputsFoutputs (1)
Where M is mass of calcium, F is the ﬂux, and t is time.
The total quantity of calcium (MCa, which is calculated by multiplying calcium concentration by lake volume)
is determined by the sum of the input ﬂuxes (rivers and groundwater) and output ﬂuxes (aragonite and
primary gypsum precipitation):
∂MCa
dt
¼ Friv þ Fgw  Fsed ¼ Friv þ Fgw  Farag  Fgyp (2)
In our model we only change the volume of the lake and explore the effect of changing volume on the
calcium cycle as a function of the amount of calcium in the lake and the amount of gypsum precipitated.
At the most basic level, an increase in the lake volume leads to an increase in river and groundwater input,
which, in the absence of anything else, would lead to a decrease in the δ44Ca of the lake water because
the rivers are eroding carbonate catchments which contain minerals that are 40Ca enriched. This should be
reﬂected in a decrease in the δ44Ca of the modeled aragonite. The degree to which the δ44Ca of the modeled
aragonite is impacted by the change in lake volume is a function of the amount of calcium in the lake and the
volume of gypsum that precipitates.
Ideally in a model, the precipitation of both aragonite and gypsum would be controlled by the saturation
state of these minerals in the lake (Harouaka et al., 2014; Nielsen & DePaolo, 2013). However, the modern
Dead Sea has an extremely complex carbon system, where the pH is ~6, with the majority of the alkalinity
consisting of borate alkalinity (Barkan et al., 2001). The only way to achieve aragonite precipitation in the
modern Dead Sea requires small (1–10%) mixing between the upper freshwater layer and the deeper
brine (Barkan et al., 2001). Due to the large uncertainties of many geochemical parameters, such as alkalinity
and pH, in the lake water over the ~60-kyr period studied here, we have used a simpler approach to model
aragonite precipitation. Similarly, in the model we have explored scenarios where lake volume changes
Figure 7. Schematic description of the box model Ca and δ44Ca inputs and outputs.
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trigger gypsum precipitation to varying degrees, rather than tracking gyp-
sum directly via its saturation state. In the Lisan Formation, the largest
events form 0.5 to 0.2 m of gypsum in the Massada section (Figure 1).
Assuming that the gypsum precipitates equally over the surface area of
the lake a total quantity of gypsum precipitating can be modeled.
As shown in Figure 8a, in scenarios where there is no gypsum precipita-
tion, a decrease in the lake volume leads to an increase in the δ44Ca of
the modeled aragonite for several different modeled lake calcium concen-
trations. In Figure 8b, we explore various volumes of gypsum precipitation
that may result, remembering that gypsum precipitation sequesters 40Ca
into mineral phases and leaves 44Ca behind in the lake. Our model shows,
as we would expect, that the larger the amount of gypsum precipitated
(green dashed line Figure 8b), the larger the increase in the δ44Ca of the
modeled aragonite.
When the concentration of calcium in the lake is low enough to be
perturbed by lake overturn and mineral precipitation, this single-box
model demonstrates measurable changes in the δ44Ca of the lake and
hence of the aragonite (Figure 8a). In Lake Lisan, the δ44Ca measured in
the aragonite varies very slightly with lake overturn events, which is
consistent with the high calcium chloride composition of the lake brine.
The present-day δ44Ca of the Dead Sea is 0.45‰, which is low relative to
the δ44Ca of Lake Lisan (1.1‰ and 1.4‰; Figure 9). As the inputs to the
modern Dead Sea are around 0.4‰ and are unlikely to have changed
over the last glacial period, the previously higher δ44Ca of Lake Lisan
may have been due to Rayleigh fractionation caused by the higher over-
all amount of mineral precipitation of both aragonite and gypsum in the
past. Even with the high input and output rates of calcium into the lake in
the past, the calcium isotope composition within the lake water would
have been 44Ca enriched, relative to the Dead Sea, due to the similarity
of the δ44Ca of the inputs and outputs. This higher rate of aragonite
and gypsum precipitation likely links to the higher input of bicarbonate
and sulfate due to the overall higher rates of precipitation over the
studied interval.
There is potentially a glacial-interglacial cycle change recorded in the
δ44Ca of the lake, with interglacial lakes having a lower δ44Ca as shown
by the modern Dead Sea, and the increase of 0.3‰ that we measure in
aragonite at the start of our section between 65 and 50 ka, which suggests
that Lake Amora may have had a lower δ44Ca than glacial Lake Lisan. This
would correlate with the hypothesized increase in freshwater input into
the lakes during the wetter glacial periods, which drives increased precipi-
tation of carbonate minerals, and hence an enrichment of 44Ca within the
lake during glacial periods.
The 0.3‰ offset between the modern Sea of Galilee and the Dead Sea is
also interesting. The Sea of Galilee is fresh water, with a much lower
concentration of calcium, and thus the δ44Ca of calcium in the modern
lake should be impacted more during precipitation of calcium carbo-
nate. The Dead Sea has far higher calcium concentrations along with a
signiﬁcant brine ﬂux from the surrounding carbonate bedrock. During
interglacial periods, with a decreased riverine input of bicarbonate ions,
this brine ﬂux is signiﬁcant and could decrease the δ44Ca of the Dead
Sea toward 0.4‰.
Figure 8. The sensitivity of calcium isotopes recorded in precipitated arago-
nite relative to perturbations in lake volume (presented as a fraction and
hence is unitless). Panel (a) shows how the aragonite calcium isotope ratios
vary with increasing concentration of calcium in the lake, whereas panel
(b) shows the impact of the volume of gypsum precipitated on the calcium
isotopes recorded in the aragonite.
Figure 9. Compilation of δ44Ca in sediment and water of the Dead Sea basin.
Reconstructed δ44Ca of Lake Lisan is displayed in red. The average Mono
Lake and Laguna Potrok Aike δ44Ca ratios are displayed on the left (Nielsen &
DePaolo, 2013; Oehlerich et al., 2015).
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5.4. Secondary Gypsum
If the secondary gypsum precipitated from the lake water similar to the primary gypsum, it would be thought
that the δ44Ca of both primary and secondary gypsum would be similar. However, the δ44Ca of the aragonite
and the δ44Ca of the secondary gypsum are similar (0.3‰ for secondary gypsum, n = 9, and 0.4‰ for
surrounding aragonite, n = 33), but differ from that of the primary gypsum (average +0.42‰, n = 11).
This suggests that either that the secondary gypsum forms from waters which have a much lower δ44Ca or
that secondary gypsum formed under conditions in equilibrium with the ﬂuid with a calcium isotope fractio-
nation of 0 or that the calcium isotope composition recorded in the secondary gypsum is not from lake water.
The latter could occur if there has been localized near quantitative conversion of aragonite to secondary gyp-
sum; hence, the original δ44Ca of the aragonite is recorded in the δ44Ca of the secondary gypsum. The other
possibility is that the secondary gypsum precipitates, or equilibrates, exceptionally slowly in calcium isotope
equilibriumwith ﬂuids that derive from aragonite dissolution (and thus have the same δ44Ca as the aragonite)
and that there can be a unity calcium isotope fractionation between ﬂuid and gypsum in some cases. We
prefer the explanation of near-quantitative conversion, as all previous studies have not shown anything close
to a unity equilibrium calcium isotope fractionation for gypsum and ﬂuid.
Although it was proposed initially that the ﬁne-crystalline secondary gypsum was also primary, its relatively
low δ34S and δ18O(SO4) shows unequivocally that its formation stems from the oxidation of sedimentary
sulﬁdes after lake level drop and exposure of the Lisan Formation (Torfstein et al., 2005, 2008; Torfstein &
Turchyn, 2017). Further evidence of the nature of the secondary gypsum comes from the fact that it has
not been found within a sediment core retrieved from the bottom of the modern Dead Sea during the recent
Dead Sea Drilling Project core (Torfstein et al., 2015), where sedimentary sulﬁde minerals are found. As the
deepest part of the Dead Sea has not been exposed to oxic meteoric water, secondary gypsum did not
form there.
A near-quantitative conversion of the calcium from aragonite to gypsum requires that the system must have
been closed. This seems incompatible with the exposure of the Lisan Formation and the ﬂushing of meteoric
water thought to dissolve the aragonite. However, the calcium is likely to be the limiting ion during the
precipitation of gypsum due to sulfate excess caused by the rapid oxidation of sulﬁde minerals to sulfate.
Hence, the gypsum precipitation would occur rapidly and consume the total calcium available. The needle
shape of the gypsum crystal concurs with the suggested mechanism for precipitation as these needle crystal
form during rapid precipitation (Harouaka et al., 2014).
6. Summary
We report for the ﬁrst time the δ44Ca of three calcium-bearingminerals within the last glacial Lisan Formation,
exposed at the Massada section in the Dead Sea basin, yielding insight into Lake Lisan’s conﬁguration,
geochemical composition, and regional hydrology.
The δ44Ca of the primary and secondary gypsum and aragonite within the Lisan Formation reﬂects the
combined effects of the water source compositions, Lake Lisan water column stratiﬁcation and mixing, and
precipitation of primary gypsum and aragonite from the lake. The compositions of both the primary gypsum
and aragonite (0.4‰ and 0.4‰, respectively) when corrected for calcium isotope fractionation, suggest the
average δ44Ca of Lake Lisan was ~1.2‰, which is higher than that of the modern Dead Sea waters (0.45‰)
and the Sea of Galilee (0.75‰). As these are assumed to represent the two water source end members for
Lake Lisan, the actual δ44Ca of Lake Lisan strongly reﬂects the calcium isotopic fractionation that occurred
during the precipitation of aragonite and gypsum from the lake waters.
The secondary gypsum δ44Ca supports the conclusion that the precipitation occurred due to the dissolution
of primary aragonite during the oxidation of sulﬁde minerals. The observations from the range in δ44Ca
observed in the individual minerals ﬁts with the calcium chloride lakewater composition of Lake Lisan.
In summary, the measurement of the δ44Ca of three calcium-bearing minerals of the Lisan Formation
provides new constraints on Lake Lisan’s conﬁguration, geochemical composition, and regional hydrology
and can be applied to reconstruct the limnological-hydrological history of additional past cycles of the
Dead Sea, as well as other comparable, environments.
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